Rotating asymmetric electric fields have been applied to control the rotation frequency ͑and hence the density͒ of non-neutral plasmas, which are confined in Penning-type traps and have relaxed close to thermal equilibrium characterized by a global rigid-body rotation. ''Infinite'' confinement times and density compression were first reported for uncorrelated plasmas of ϳ10 8 Mg ϩ ions with temperatures ranging from 1 K to 5ϫ10 4 K (4 eV͒ ͓Huang et al., Phys. Rev. Lett. 78, 875 ͑1997͔͒. In this paper, the rotating field technique has been applied to control strongly coupled plasmas of ϳ10 5 9 Be ϩ ions which are laser-cooled to millikelvin temperatures so that the plasma freezes into a solid with a crystalline lattice. Here, Bragg diffraction peaks from crystals provide an accurate way of measuring the rotation frequency, and it is observed that the plasma rotation can be phase locked to the applied rotating field without any slip. In essence, these corotating plasmas have reached thermal equilibrium with the rotating field, and the azimuthally asymmetric boundaries of the equilibrium states have been measured experimentally. Both rotating dipole and quadrupole fields have been used to provide this precise control of the plasma rotation. However, the effectiveness of the dipole field depends on the presence of multiple ion species. With the rotating dipole field, density compression to near the Brillouin limit and increase of the rotation frequency to near the cyclotron frequency have been achieved.
I. INTRODUCTION
Unneutralized plasmas with a single sign of charge are often confined in Penning-type traps 1,2 for a variety of experiments including plasma physics, 3 Coulomb crystal studies, 4 ,5 precision spectroscopy, 6, 7 antimatter research, 8, 9 and storage of highly charged ions. 10 Since there is an average radial electric field, these trapped non-neutral plasmas undergo a global (E؋B) rotation about the magnetic field axis. In principle, perfect confinement can be obtained in an ideal trap with cylindrical symmetry due to conservation of ͑canonical͒ angular momentum. 11 In practice, background neutral molecules [12] [13] [14] and static field asymmetries 12, [15] [16] [17] [18] exert an ambient drag on the rotating plasma, causing slow expansion and eventual particle loss. Radiation pressure from laser beams has been used to balance the angular momentum loss and to vary the plasma rotation frequency. 19, 20 However, this method is limited to the few ion species whose atomic transitions are accessible by a laser, and is not precise due to laser power, frequency, and pointing fluctuations. Recently, azimuthally asymmetric ͑''rotating wall''͒ electric fields rotating in the same sense as the plasma have been used to exert a torque on Mg ϩ plasmas with temperatures ranging from 1 K to 5ϫ10 4 K (4 eV͒, resulting in steadystate confinement and density compression. [21] [22] [23] For these uncorrelated plasmas, the stabilized rotation frequency is somewhat less than that of the rotating field, with a slip frequency which increases with the plasma temperature. 22 In this paper we show that rotating wall electric fields applied to a Penning trap with quadratic potentials can control the rotation of laser-cooled, crystallized 9 Be ϩ plasmas without slip, thus extending the applicability of this technique from uncorrelated plasmas to strongly coupled systems. 24 Precise control of the plasma rotation is important for some applications. As an example, the second-order Doppler ͑time dilation͒ shift due to rotational velocity in a Penning trap atomic clock can be minimized by stabilizing the rotation at a particular frequency. 7 Both axially independent dipole and quadrupole fields in the plane perpendicular to the magnetic field have been used to provide this precise control of the plasma rotation. However, experimental evidence suggests that the effectiveness of the dipole field requires the presence of more than one ion species or other nonideal effects. The rotating field control, which relies on ion-ion interactions, is fundamentally different from the sideband cooling or ''axialization'' techniques, where rf fields convert single-*Paper gTuaI2-2 Bull. Am. Phys. Soc. 42, 1876 ͑1997͒.
particle magnetron motion into damped axial or cyclotron motions. [25] [26] [27] The steady-state sideband-cooled radius of the magnetron motion depends on the strength of the rf field and the damping rate of the motion to which the magnetron motion is being coupled. In general, the rotation control will be of limited precision and may be effective only for low rotation frequencies where the space-charge field is weak. 28 In contrast, the rotating fields interact with ions near the plasma surface, creating a small-amplitude traveling wave. The torque due to this wave is then transferred to the plasma interior through ''viscosity'' or strong ion-ion Coulomb coupling, which acts to bring the plasma to the same rotation frequency as the applied field. 29 In the present experiment, side-view images show that the plasma shape, which is determined by the rotation frequency, can be varied by slowly changing the rotating field frequency for both weakly and strongly coupled plasmas. When the plasma is sufficiently cold and crystalline lattices are formed, Bragg diffraction provides a more accurate measurement of the rotation frequency. It is observed that the lattice and its orientation can be stable for longer than 30 min (ϳ10 8 rotations͒, and its rotation can be phase locked to the rotating field during this time. In essence, these corotating plasmas have reached a novel global thermal equilibrium, 29 where the rotation frequency ͑and hence the density͒ is set precisely by the external drive. For the rotating quadrupole field we have measured the triaxial ellipsoidal surface of this equilibrium state for oblate ͑pancake-like͒ plasmas, and found quantitative agreement with the analytical theory. For the rotating dipole field applied to plasmas with contaminant ions we have observed the expected asymmetric distribution of the 9 Be ϩ ions in close agreement with Monte Carlo simulations. Control of the global rotation has been achieved for nearly all allowed rotation frequencies with the use of the rotating dipole field. Figure 1 shows the apparatus with its optical diagnostics and schematics of the rotating dipole and quadrupole fields. The trap consists of a 127 mm long stack of cylindrical electrodes at room temperature with an inner diameter of 40.6 mm, enclosed in a 10 Ϫ8 Pa vacuum chamber. The uniform magnetic field B 0 ϭ4.46 T is aligned parallel to the trap axis within 0.01°, giving a 9 Be ϩ ͑charge e and mass m) cyclotron frequency ⍀ϭeB 0 /mϭ2ϫ7.61 MHz. An axisymmetric trapping potential (m z 2 /2e)͓z 2 Ϫ(x 2 ϩy 2 )/2͔ is generated near the trap center by biasing the central electrodes to a negative voltage ϪV 0 . At V 0 ϭ1 kV, the singleparticle axial frequency z is 2ϫ799 kHz and the magnetron frequency m ϭ(⍀Ϫͱ⍀ 2 Ϫ2 z 2 )/2 is 2ϫ42.2 kHz. The z-independent rotating fields are generated by applying properly phased sinusoidal voltages of amplitude V w to the six-fold azimuthal sectors of the two compensation electrodes, which are positioned symmetrically in the axial direction with respect to the trap center.
II. EXPERIMENTAL SETUP
We create 9 Be ϩ plasmas by ionizing neutral 9 Be atoms in a separate trap ͑not shown͒ and then transferring the ions to the main trap for experimentation. 20 This procedure can be repeated several times to accumulate up to 10 6 ions. We expect that essentially all the ions in the trap are singly charged since the formation of doubly charged ions is energetically forbidden. While the total charge in the trap is conserved after loading, the relative abundance of contaminant ions increases from Ͻ5% for a new cloud on a time scale of 20 h, presumably due to reactions between 9 Be ϩ ions and background neutral molecules. By exciting ion cyclotron resonances, we determine that the two main contaminant ion species have mass 10 u and 26 u, where u is the atomic mass unit. These two species are likely to be BeH ϩ and BeOH ϩ , respectively. Unless noted, data presented in this paper are obtained on relatively clean clouds with Ͻ10% contaminant ions.
The trapped 9 Be ϩ ions are Doppler-cooled by two laser beams tuned slightly below the 2s 2 S 1/2 (M I ϭ3/2,M J ϭ1/2) →2 p 2 P 3/2 (3/2,3/2) resonant transition frequency ͑wave-length Ϸ313.11 nm͒. 19 These laser beams also optically pump most of the ions into the 2s 2 S 1/2 (3/2,1/2) state. From previous experiments, 19, 20 we estimate that temperatures T Շ10 mK can be obtained. Here k B T refers to the average ion thermal energy in a frame rotating with the plasma, which is typically much smaller than the average kinetic energy in the global rotation (ϳ10 2 K͒. The axial cooling beam ͑waist diameter Ϸ0.5 mm, power Ϸ50 W͒, directed parallel to B 0 as shown in to compress the plasma and vary the rotation frequency. This beam is turned off during the Bragg scattering measurements.
When the cloud reaches thermal equilibrium at these cryogenic temperatures, the plasma Debye length becomes much smaller than its diameter 2r 0 and axial length 2z 0 . The influence of image charges is negligible here due to the small dimensions of the plasma compared to the trap radius (Ͻ10%͒. Consequently, the plasma forms a uniform density spheroid, bounded by z 2 /z 0 2 ϩ(x 2 ϩy 2 )/r 0 2 ϭ1, with a rigidbody rotation frequency r in the range m Ͻ r Ͻ(⍀Ϫ m ). 20 The particle density n 0 is determined from r according to p 2 ϵe 2 n 0 /⑀ 0 mϭ2 r (⍀Ϫ r ), where p is the plasma frequency. 20 The maximum density ͑Brillouin limit͒ n B ϵ⑀ 0 B 0 2 /2mϭ5.9ϫ10 9 cm Ϫ3 occurs at r ϭ⍀/2, the condition for Brillouin flow. In the frame rotating with the plasma, (x r ,y r ,z), the ev؋B Lorentz force gives rise to a radially confining pseudo-potential, and the effective vacuum trapping potential becomes
where ␤ is the radial trapping strength defined as
The parameter ␤ determines the aspect ratio ␣ϵz 0 /r 0 of the spheroid. 20, 29 We use an f/5 imaging system to detect resonantly scattered photons from the cooling beams and produce a side-view image of the 9 Be ϩ ions. From this sideview image, we measure ␣ and obtain r and n 0 .
For the typical conditions of TՇ10 mK and n 0 տ 4ϫ10 8 cm Ϫ3 , we obtain a Coulomb coupling parameter
where the Wigner-Seitz radius a WS is defined by 4a WS 3 /3 ϵn 0 Ϫ1 . This strong ion-ion coupling results in the formation of crystalline lattices, which are body-centered cubic ͑bcc͒ in nearly spherical plasmas (␣Ϸ1) with ion number Nտ2ϫ10 5 . 4, 5 As shown in Fig. 1 , Bragg-scattered light from the axial cooling beam is detected with a chargecoupled device ͑CCD͒ camera near the forward-scattering direction since the wavelength is much smaller than the lattice spacing (Ӷa WS ). 4 After passing through the trap, the axial cooling beam is deflected away from the lenses collecting the Bragg-scattered light.
III. RESULTS AND ANALYSES

A. General results for both rotating fields
When the rotating fields are first applied, their rotation frequency w is set close to r so that they interact strongly with the plasma. By measuring the photon scattering rate from the cooling beams for a fixed laser frequency, which is a function of the ion temperature, we have established that the ion temperature does not change significantly with the application of the rotating fields. Since the rotating fields typically cause less than 1% shape distortion to the plasma ͑see later discussions͒, the plasma rotation frequency r can still be inferred from the aspect ratio ␣ within the 5% uncertainty of this method. Furthermore, because ⌽ r depends weakly on the ion mass for r Ӷ⍀/2 as shown in Eq. ͑2͒, a multispecies plasma essentially has the same charge distribution as a pure 9 Be ϩ plasma except for the effect of centrifugal separation, in which the heavier ions tend to occupy positions at larger radii. 30 With a sufficiently large rotating field amplitude V w , we are able to vary the plasma aspect ratio ͑and hence r ) by slowly changing w . Figure 2 shows r as determined from the side-view images versus w with both the rotating dipole and quadrupole fields and for several plasmas with particle number NϽ7ϫ10 4 and r Ӷ⍀/2. The plasma rotation frequency r tracks w closely within the experimental accuracy, demonstrating external control of the plasma rotation by the rotating fields. The data of Fig. 2 were obtained at low temperatures (TՇ10 mK͒ with the axial cooling laser on continuously. However, we are also able to control the plasma rotation with the laser tuned far below the atomic transition frequency or blocked for short periods of time (ϳ1 min͒. Under these conditions, we expect significantly higher plasma temperatures ͑up to Tϳ10 K͒ so that the plasma is only weakly correlated (⌫ϳ0.2).
For a more accurate determination of r , we use the time dependence of the laser light Bragg-scattered from the rotating crystals. 4, 5 A gateable image intensifier, installed in front of the CCD camera, allows the diffraction pattern to be recorded stroboscopically. Figure 3͑a͒ shows a timeaveraged diffraction pattern of concentric rings from an approximately spherical plasma with NϷ7.5ϫ10 5 . Even if this pattern is from a single crystal, rings are observed because of the plasma rotation about the axial laser beam. 4 With the rotating field applied and controlling the plasma rotation, we trigger the intensifier synchronously with the rotating field opening the camera for 50 ns each 2/ w period. This en- ables the camera to record the diffraction pattern in the rest frame of the rotating field. Figure 3͑b͒ shows such a timeresolved pattern taken nearly simultaneously with Fig. 3͑a͒ and accumulated over ϳ10 6 plasma rotations. The welldefined rectangular dot pattern demonstrates that the crystal is phase locked to the rotating field. In this work, we could determine phase-locked rotation when B 0 is aligned within 0.01°of the trap axis and for r Շ⍀/20. This alignment is obtained by minimizing the amplitude of zero-frequency modes of the plasma. 2 Furthermore, the structure and spacings of the crystalline lattice and its orientation with respect to the laser beam can last longer than 30 min under this rotation control. For comparison, a particular Bragg scattering pattern typically changes after ϳ1 min without the rotating field control, perhaps due to effects from the plasma spin-down. With a weak rotating field amplitude or when the trap axis is tilted a few hundredth of a degree with respect to B 0 , we cannot obtain phase locking but are able to stabilize the plasma rotation frequency close to the rotating field frequency with Շ1% slippage.
B. Quadrupole field control
With the rotating quadrupole field, which has a potential ϰ(y 2 Ϫx 2 )cos(2 w t)ϩ2xy sin(2 w t), the equilibrium plasma surface is actually a spinning triaxial ellipsoid with three principal axes differing in length. 29 Since the plasma is phase locked with r ϭ w , the combined vacuum trapping potential in the rotating frame becomes
where ␦ϭ f g V w /V 0 у0 is the relative strength of the quadrupole field and f g depends only on the trap geometry. Here electric fields from the ambient drag and image charges are neglected. The thermal equilibrium state in the frame rotating with the plasma is bounded by z 2 /z 0 2 ϩx r 2 /x 0 2 ϩy r 2 /y 0 2 ϭ1 with x 0 уy 0 . The parallel and perpendicular aspect ratios (␣ ʈ ϵz 0 /y 0 ,␣ Ќ ϵx 0 /y 0 ) are determined by parameters ␤ and ␦. 29 This shape produces a space-charge potential which cancels ⌽ r Ј within the equilibrated plasma. In this equilibrium, each individual ion still undergoes a purely rotational average motion as in the ordinary thermal equilibrium state without the rotating field.
To obtain an ␣ Ќ significantly above one, we maximize the ratio ␦/␤ by reducing V 0 to less than 200 V and setting w close to the magnetron frequency m . At these low rotation frequencies and with only the perpendicular cooling beam, the contaminant ions are well mixed with the 9 Be ϩ ions, making the boundary of the fluorescing 9 Be ϩ ions coincide with that of the plasma. Side-view images of the plasma are then recorded stroboscopically at different phases of the rotating field. The radius r lab of the side-view image is expected to oscillate at 2 w , with an amplitude proportional to x 0 Ϫy 0 . Figure 4 shows a measurement of r lab on a plasma with ␣ ʈ Ϸ0.15 and ␣ Ќ Ϸ1.4, rotating at 2.5 kHz (V 0 ϭ50 V, V w Ϸ185 V͒. Excellent agreement between the theory and data is exhibited, showing that the plasma is indeed equilibrated with the rotating quadrupole field.
We have measured the dependence of ␣ Ќ on parameters ␦ and ␤. Figure 5͑a͒ shows ␣ Ќ versus ␦ at fixed ␤ϭ0.103.
Good agreement with the theory is obtained by fitting these data for f g with the result f g Ϸ6.38ϫ10
Ϫ3 . Figure 5͑b͒ shows ␣ Ќ versus ␤ for fixed ␦Ϸ0.0159 using the calibrated f g value. Excellent agreement is again observed, showing the rapid decrease to unity for ␣ Ќ as ␤ is increased. Under typical conditions (V 0 у500 V, V w р50 V, and w у1.1 m , giving ␦Ͻ7ϫ10 Ϫ4 and ␤Ͼ0.1), ␣ Ќ Ϫ1 is less than 1%. This small distortion, however, generates sufficient torque to phase lock the plasma rotation when the trap is nearly aligned with the magnetic field.
C. Dipole field control
We have examined rotation control using the dipole field with a potential ϰy sin( w t)Ϫx cos( w t). Theoretically, this field is not expected to provide rotation control for a singlespecies plasma in a quadratic trap. Instead, it drives only a ''center-of-mass'' orbital motion about the trap axis without surface distortions and is decoupled from the internal plasma rotation. Experimentally, however, rotation control including phase locking similar to that from the quadrupole field is obtained with the rotating dipole field as discussed in the previous sections. While the asymmetric field from image charges induced by the center-of-mass motion could provide the observed coupling to the plasma rotation, this field is too weak to be effective for our typical trap parameters.
Experimental evidence suggests that the coupling between the center-of-mass motion and plasma rotation is provided by the contaminant ions. By measuring the plasma dynamic response under sudden changes of the dipole field frequency 22 we have observed that the torque from the dipole field increases with time, presumably due to the growing percentage of the contaminant ions. Figure 6 shows the evolution of plasma rotation frequency as w /2 is suddenly changed by Ϯ5 kHz from 60 kHz ͑magnetron frequency m ϭ2ϫ42.2 kHz͒ at ⌬tϭ0. The initial and final rotation frequencies of the plasma are equal to that of the dipole field as determined from time-resolved Bragg scattering measurements. The intermediate data points are derived from the aspect ratio of the side-view images assuming that the plasma goes through successive thermal equilibrium states during the evolution. The torque from the rotating dipole field has clearly increased from the 1-h-old plasma with approximately 5% contaminant ions to the 2-h-old plasma with twice as many contaminant ions.
The effect of the contaminant ions on the plasma can be understood in terms of their azimuthally asymmetric distribution with the rotating dipole field. For typical rotation frequencies and laser cooling conditions, these heavier contaminant ions separate radially from the 9 Be ϩ ions and form a nonfluorescent outer cylindrical layer without the rotating field. 30, 31 As the plasma undergoes a driven center-of-mass circular motion with the rotating dipole field, the heavier contaminant ions distribute preferentially farther from the trap center than the 9 Be ϩ ions. In order for the contaminant ions to be distributed away from the trap center and to have rigid-body rotation, the plasma rotation frequency must match the rotation frequency of the dipole field ͑see discussions below͒. This produces a coupling between the driven center-of-mass motion and the plasma rotation, enabling the rotating dipole field control. When the plasma reaches ther- 7 . Oscillation of the positive radial boundary x Be with the rotating dipole field. The dashed curve is calculated for a pure 9 Be ϩ plasma and the solid curve is obtained from the simulation shown in Fig. 8 . The dipole field amplitude at the plasma is derived by fitting the data, while the relative phase between the theories and data is not adjusted. mal equilibrium with the rotating dipole field at r ϭ w , the average ion motion is simply a rigid-body rotation about the trap axis at w . Figure 7 shows the position x Be of the positive radial boundary ͑at zϭ0) from the side-view images of a plasma containing about 12% contaminant ions and phased locked with a dipole field rotating at 9 kHz ͑magnetron frequency is 2ϫ8.4 kHz͒. This measurement is obtained with the same stroboscopic technique that was used for the quadrupole field results. For these conditions, however, the contaminant ions are well separated from the 9 Be ϩ ions due to the higher rotation frequency. For a pure 9 Be ϩ plasma, a periodic oscillation of x Be at w is expected due to the center-of-mass motion, as shown in Fig. 7 . The data generally follow this prediction except for the ''clipping'' of x Be at certain phases of the rotating dipole field.
A Monte Carlo simulation on the equilibrium distribution of a two-species plasma ͑in the rest frame of the dipole field͒ is shown in Fig. 8 . The plasma is made of 1000 particles with 88% 9 Be ϩ ͑dots͒ and 12% contaminant ions having mass 26 u ͑open circles͒, and is driven by a rotating dipole field resulting in the same relative displacement as in Fig. 7 . The plasma has a very oblate shape which enhances its center-of-mass displacement as shown in the side-view of Fig. 8͑b͒ . In the x-y distribution shown in Fig. 8͑a͒ , the overall charge is distributed nearly symmetrically with respect to the shifted plasma axis, while the 9 Be ϩ ions and the contaminant ions are positioned asymmetrically inside the plasma. The boundary of the 9 Be ϩ ions is approximately made of two arcs: one, bordering the vacuum, is centered on the plasma axis ͑the symbol͒, and the other, bordering the contaminant ions, is centered on the trap axis ͑the cross͒. This shape explains the observed clipping of x Be in Fig. 7 . The small discrepancy between the data and the solid curve in Fig. 7 is likely due to an overestimation of the percentage of the contaminant ions from the side-view images without the rotating field.
When contaminant ions are present, it is advantageous to use the dipole rather than quadrupole field to control the plasma rotation because greater electric field strength at the plasma surface can be obtained for the same amplitude V w on the compensation electrodes. This is because the plasma dimensions are typically much smaller than the trap radius and the dipole field decays much more gradually from the compensation electrodes than the quadrupole field. Rotation control in the range m Ͻ r Ͻ(⍀Ϫ m ), which includes rotational equilibrium near Brillouin flow ( r ϭ⍀/2), has been achieved using the rotating dipole field. For r ϳ⍀/2, crystalline lattices are generally not observed, and the aspect ratio ␣ depends only weakly on the rotation frequency. However, we can infer r by measuring the angle of the first Bragg scattering ring, scatt , from ions in the shell structures. This angle is related to the Wigner-Seitz radius a WS through
where scatt is in radian ͑see Ref. 4͒ . The Wigner-Seitz radius in turn is determined by the plasma rotation frequency. Figure 9 shows the scattering angle scatt as a function of the rotation frequency of the dipole field for two plasmas with different compositions of contaminant ions. With only heavier contaminant ions ͑dots͒, we can control the plasma rotation frequency up to about 0.9 ⍀ ͑dotted vertical line͒ corresponding to the frequency at which ions having mass 10 u can no longer remain in the plasma. If we intentionally create some lighter ions (ϫ's͒, we are able to control r FIG. 8. A Monte Carlo simulation of the thermal equilibrium distribution of a two-species plasma with the rotating dipole field. The plasma is made of 1000 particles with 88% 9 Be ϩ and 12% contaminant ions having mass 26 u, and has a coupling parameter ⌫ϭ40. The trapping parameters are the same as in Fig. 7 . ͑a͒ The x-y distribution. Solid and dashed lines denote boundaries of the 9 Be ϩ ions and the plasma, respectively. ͑b͒ The x-z distribution with ten times smaller z scale. through all allowed rotation frequencies. This observation provides further evidence that the contaminant ions are the main coupling mechanism for the rotating dipole field. We cannot, however, exclude the possibility that different nonideal effects can cause sufficient coupling in other experiments.
IV. CONCLUSIONS AND DISCUSSION
We have shown experimentally that azimuthally asymmetric electric fields rotating in the same sense as the plasma can exert a torque that balances the ambient drag in both weakly and strongly coupled regimes, resulting in infinite confinement times. The torque from the rotating wall fields acts to bring the plasma to the same rotation frequency as the applied field. For strongly coupled plasmas with laser cooling, we obtain phase-locked rotation with the rotating field even though there is a finite ambient drag on the plasma. This phase-locked rotation is possible presumably because crystallized plasmas are capable of sustaining some stress without structure breakup. As a result of this observation, we are now able to precisely control plasma properties such as density and boundary shape.
There are other methods to inject angular momentum into the plasma and vary the rotation frequency. For example, by exciting an azimuthally asymmetric mode that travels in the same direction but faster than the plasma rotation, r can be increased very effectively due to the global coherent resonance. 16, 32 The challenge of this approach is to remain on resonance with the mode as the plasma rotation frequency is increased. It may also be difficult to balance the heating from the mode excitation. In addition, this method will probably not result in rotation control as precise as the rotating field technique.
Substantial questions remain concerning the theoretical models which give quantitative predictions for the torque from the rotating fields. 33, 34 In the strongly coupled regime, such models that describe the experiment are lacking. For uncorrelated plasmas at higher temperatures, twodimensional rotating fields may not be able to generate enough torque to balance the ambient drag, and electric fields with nonzero z components may be required. 22 Rotating field control of pure electron plasmas also needs further refinement to improve its capability. 23 In the future, direct imaging of individual ions in a crystallized plasma may be possible because of the phase-locked rotation. In addition, the increased crystal stability improves the prospect of observing the solid-liquid phase transition of strongly coupled plasmas. Dynamics of the Brillouin flow is also an interesting area for investigation. Finally, it may be possible to influence the formation of crystalline lattices with the rotating fields and other perturbations, enabling external control of the crystal orientation. FIG. 9 . The angle of the first Bragg scattering ring from shells versus the rotation frequency of the dipole field. Data from a plasma with only heavier contaminant ions are shown as dots. ϫ's are data from a plasma with some lighter ions than 9 Be ϩ .
